SUMMARY The syndrome of autonomic dysreflexia often occurs in quadriplegic subjects and is characterized by paroxysmal hypertension, headache, vasoconstriction below and flushing of the skin above the level of transection, and bradycardia. These attacks may cause hypertensive encephalopathy, cerebral vascular accidents, and death. In five patients during crises, the mean arterial pressure changed from 95 to 154 mm Hg, heart rate 72 to 45 beats/min, cardiac output 4.76 to 4.70 L/min, and peripheral resistance 1650 to 2660 dynes-sec-cm-5. In eight subjects the control plasma, red cell, MOST PATIENTS WITH HIGH TRANSVERSE LESIONS of the spinal cord above the origins of the thoracolumbar preganglionic sympathetic neurones eventually develop symptoms of autonomic hyperreflexia or dysreflexia.' That is, the stimulation of dermatomes and muscles supplied by nerves from below the injury, and especially; manipulation of the perineum, genitalia and distention of the bladder or rectum evokes a syndrome which includes hypertension, profuse sweating, flushing, piloerection (cutis anserina), and headache.2' The increase in arterial pressure is often severe and prolonged, and may cause cerebral vascular accidents and death.1 4This syndrome has been mistakenly diagnosed as pheochromocytoma, and during delivery, as toxemia of pregnancy.5 Also, it becomes a major complication during surgical procedures when it is induced by traction of the viscera.6
MOST PATIENTS WITH HIGH TRANSVERSE LESIONS of the spinal cord above the origins of the thoracolumbar preganglionic sympathetic neurones eventually develop symptoms of autonomic hyperreflexia or dysreflexia.' That is, the stimulation of dermatomes and muscles supplied by nerves from below the injury, and especially; manipulation of the perineum, genitalia and distention of the bladder or rectum evokes a syndrome which includes hypertension, profuse sweating, flushing, piloerection (cutis anserina), and headache.2' The increase in arterial pressure is often severe and prolonged, and may cause cerebral vascular accidents and death.1 4This syndrome has been mistakenly diagnosed as pheochromocytoma, and during delivery, as toxemia of pregnancy.5 Also, it becomes a major complication during surgical procedures when it is induced by traction of the viscera. 6 The hypertensive crises, during episodes of autonomic dysreflexia, are unusual since an increase in sympathetic activity occurs simultaneously with elevated, rather than lowered, parasympathetic tone. The adrenergic activity originates below the level of transection and the cholinergic activity is due to stimulation of the supra-spinally mediated carotid sinus and aortic arch baroreceptor reflexes which produce a dramatic bradycardia. The principle aim of the present investigation was to measure the effect of this anomalous parallel increase in autonomic activity on cardiac output. Another objective was to determine if blood volume decreased during autonomic hyperreflexia, as happens when arterial blood pressure is raised by intravenous infusion of noradrenalin in normotensive subjects.7' 8 If during the hypertensive episodes in quadriplegic patients, a reduction in plasma volume occurred, it would cause hemoconcentration of high molecular weight plasma and total blood volumes were 19.1, 10.5, and 29.6 ml/cm body height, respectively, and when hypertensive, the plasma protein concentration increased by 9.9% and the hematocrit by 9.5%. Plasma volume was only reduced by an estimated 10-15%. At that time, arterial dopamine--hydroxylase (D,H) activity increased 65% and prostaglandin E2 concentration by 68%. Thus, the augmented D#H activity represented primarily an elevated sympathetic tone and not hemoconcentration of that protein. The rise in prostaglandin may contribute to the severe headaches during hypertensive episodes.
proteins including dopamine-o3-hydroxylase (DfH) and alter interpretation of the latter's significance as an index of sympathetic activity.9-" In addition, the existence of such a hypovolemia could be of direct clinical significance, since even a small diminution in blood volume might produce severe hypotension when the hypertensive stimulus, e.g., bladder distension, was abruptly removed. '5 16 Severe headache is a characteristic symptom of autonomic hyperreflexia and some experimental data are consistent with the hypothesis that it results from passive dilatation of cerebral vessels in response to the high systemic arterial pressure.'7 However, elevated sympathetic and parasympathetic activity both release prostaglandins, as well as cause rises in blood pressure.'8 Infusions of PGE, and PGE2 in man have been found to cause headache.'9-2' Therefore, we measured the arterial concentration of PGE2 to determine if the magnitude of its increase during the hypertensive episodes could help explain the headache.
Materials and Methods
The protocol of this investigation was approved by the Human Studies Committee of the New York University Medical Center. Eleven male quadriplegic subjects participated in the study after they gave their informed consent. The procedures were done before and during the episodes of autonomic hyperreflexia which were associated with routine tests of urinary bladder function carried out in these patients by cystometry.
The patients, 18-25 years of age, all had physiologic transverse lesions of the spinal cord at the level of the sixth to eighth cervical segments. The injuries had occurred at least six months prior to the test and the patients were in an unremarkable chronic stable condition. None had evidence of cardiovascular disease or decreased renal function. Drugs affecting the cardiovascular system were discontinued before the procedures began and the subjects were studied after they had been fasting [10] [11] [12] hours.
Blood volume determinations were done in eight of the 11 subjects. Cardiac output studies, without blood volume determinations, were also performed in three of these eight patients on another occasion, and in two other subjects. Arterial samples for measurements of serum dopamine-:-hydroxylase (D3H) activity and plasma prostaglandin PGE2 concentration were obtained from the five patients at the time of the cardiac output procedures and from one other subject.
The procedures took place in the morning approximately one hour after the insertion of a Foley catheter coated with lidocaine gel. The control period began after the subjects had been supine for at least 30 min and 15 min after all needles and other catheters were in place. Autonomic dysreflexia was produced by gradually filling the bladder with isotonic saline during cystometry, and terminated by emptying that organ. Brachial arterial pressure was measured by auscultation at least every two minutes. Mean arterial pressure was calculated by adding one third of the pulse pressure to the diastolic pressure.
Direct red cell and plasma volumes were measured simultaneously with chromate-labelled red blood cells (51Cr-RBC) and iodinated human serum albumin (1251-HSA) using multiple venous samples. 22 Microhematocrits of each sample were also determined at 15,000 g, and no correction was made for trapped plasma. The total body/large vessel, hematocrits ratios were calculated from the relationship of the direct blood volume measurements and the large vessel hematocrits.23 24 Plasma protein concentrations of the samples were measured by the method of Lowry.25 Following the control period, several additional venous samples were obtained during each of the hypertensive episodes to estimate the changes in plasma volume by comparing plasma protein concentrations and hematocrits with the respective control measurements.
Supine cardiac output was measured before and during autonomic hyperreflexia in five patients by the indicatordilution method using indocyanine green and standard methods of calculations.26 27 In each subject, two or three cardiac outputs were determined during the control period, and two or three others, within several minutes, at the height of the hypertension. Peripheral resistance was calculated from the ratio of mean arterial pressure and cardiac output and was expressed in dynes*sec*cm.-5
The arterial samples for analysis of serum Df3H activity and plasma PGE2 concentration were obtained during the control periods and at the times of greatest elevation of blood pressure. Serum D#H activity was determined by a modification28 of the sensitive isotopic method of Molinoff et al.,1' and is expressed in n moles of phenylethanolamine/ml serum/hour. The concentration of PGE2 in plasma was determined by the sensitive radioimmunoassay of Levine et al. [29] [30] [31] The statistical analysis of the results was by the Student's paired t-test.
Results
The means for the control supine red cell, plasma and total blood volumes and the total body/large vessel hematocrits ratio are presented in table 1. The volumes are expressed as ml/cm body height. Blood volumes are relatively independent of body height and have been found to be a better reference index for expressing results than weight or surface area in most groups of subjects.32 3 The one abnormal finding was that the red cell volume of 10.5 ml/cm (range 9.3-11.7) was moderately decreased. 23 24 25 In eight blood volume procedures, the blood pressure was considerably elevated during periods of 9, 9, 13, 16, 21, 22, 26, and 33 min. The average increase of 73% in mean arterial pressure (table 1) was calculated from several measurements obtained in each patient at the end and height of the hypertensive episodes. The average elevations of plasma protein concentration and hematocrit at those times were 9.9 and 9.5%, respectively.
The results from the five hemodynamic investigations are presented in table 2. Blood pressure was significantly elevated in all the procedures during periods of 21, 22, 22, 40, and 55 min. The data in table 2, during autonomic hyperreflexia, represent the means of two or three measurements obtained within several minutes at the end and height of the hypertension. The average increase in blood pressure was 62% which was accompanied by a substantial bradycardia in all patients; heart rate fell by an average of -27 beats/min. A similar bradycardia occurred during the blood volume studies (table I) .
The control mean cardiac output of 4.76 L/min remained essentially unchanged during the hypertensive episodes (table 2) . The individual changes were modest and included reductions of 0.18, 0.57, and 0.79, and elevations of 0.50 and 0.73 L/min. There were also small changes when expressed as percentages in four of the subjects and varied between -3 and + 13%. In the fifth patient (subject 4), there was a 25% increase in cardiac output, but this larger relative rise was due to a low control measurement (2.95 L/min) rather than (table 3) .
Hyperhidrosis, piloerection, and flushing were present in various degrees over the face, neck, and upper trunk during all the episodes of autonomic hyperreflexia. A half of the patients also experienced headache. No attempt was made, however, to correlate the severity of this symptom with the rises in arterial plasma PGE2 concentration.
Discussion
Patients with high spinal cord lesions become inordinately responsive to many types of stimulations below the level of the transection from approximately three months after their injury. Thus, the afferent stimuli can produce widespread activation of preganglionic sympathetic neurones in the intermediolateral cell columns of the distal cord stump which results in episodes of autonomic hyperreflexia (dysreflexia). A generalized increase in sympathetic tone could alter hemodynamics and raise arterial pressure by a) reducing the distensibility of postarteriolar capacity vessels, b) directly increasing myocardial contractility, and c) elevating arteriolar resistance. But analysis of the hypertension in autonomic hyperreflexia is more complex since it also involves a parallel increase in parasympathetic tone. The latter causes a striking bradycardia which depends presumably on 41 42 In the present hemodynamic studies, bladder distension induced considerable increases in mean arterial pressure in all five subjects (from +36 to +119%). Heart rate also decreased in all the procedures (from -17 to -46 beats/min, table 2). These large changes in mean arterial pressure and heart rate were associated with an insignificant and very small fall in cardiac output of 0.06 L/minute. The total peripheral resistance increases ranged from +32 to +85% and the average change was +61% (table 2) . Hypertensive episodes of autonomic hyperreflexia are, therefore, accompanied by a significant degree of "overall" arteriolar vasoconstriction. This conclusion could not be drawn from previous studies which measured cardiac output36 4042 A 5-9% reduction in total blood volume, which corresponds to a 10-15 % decrease in plasma volume in subjects with hematocrits of 41% (table 1) would not significantly reduce arterial blood pressure in those who had normal control volumes and intact compensatory sympathetic cardiovascular reflexes.'5 18 Since quadriplegic patients, in general, have a diminished muscle mass, it was considered necessary for this study to determine if they were hypovolemic. The results in table 1 show that the total blood volume was normal in these male patients. However, in subjects without quadriplegia receiving drugs which reduce resting vascular tone and reflex sympathetic activity,15 this small degree of blood loss can cause severe hypotension and syncope, even when supine, This did not occur here when the hypertensive episodes were quickly ended by allowing the bladder to empty, despite the inability of the carotid sinus and aortic arch baroreceptors, and receptors in the low-pressure vascular compartment to mediate a compensatory excitation of the preganglionic sympathetic neurones below the spinal cord transection. This indicated that the quadriplegic patients had essentially normal levels of adrenergic cardiovascular tone when not in a state of autonomic hyperreflexia and/or that they had the ability to compensate for minor blood volume disturbances. The compensatory mechanisms could include cardio-cardiac and cardioarteriolar excitatory spinal sympathetic reflexes which have been demonstrated in animals"5' 46 and reduction of efferent vagal tone regulated above the spine.
In any event, these subjects should not be placed in a seated or head-up "tilt" position immeditely after a dysreflexic attack because of the peripheral venous pooling of blood. Furthermore, conditions which reduce resting blood volume, arteriolar and venous tone, or depress the myocardium, should be avoided; these include excessively hot rooms, fever and infection in patients, and administration of cardioactive drugs. Such considerations will assume greater clinical relevance as quadriplegic subjects continue to live longer. The incidence of coronary heart disease and hypertension should increase and drug regimes which importantly affect the heart and blood vessels may be considered.
Headache is a characteristic symptom of autonomic hyperreflexia and can be severe.17 Although headache is a frequent complaint, it does not always occur during the episodes of dysreflexia, and its presence, absence, or degree or severity, has not been correlated with the level of hypertension.47' 48 One-half of the subjects in the present study volunteered that they had the symptom during the hypertensive episode.
Many investigators have hypothesized that passive vasodilatation of cerebral vessels during the systemic hypertension causes the headache, and there is some evidence to support this conclusion. For example, intravenous infusion of angiotensin II, in man, sometimes produces elevations of blood pressure which break through the cerebral auto-regulatory mechansim and increase blood flow to the brain.'9 50 It is noted, in this regard, that angiotensin II has no direct vasoconstricting effect on the cerebral arterioles.5' Also, initial analysis of results reported by Schumacher and Guthrie in 195117 provide strong support for this hypothesis of the cause of the headache. In six subjects, during attacks of autonomic hyperreflexia, the investigators increased the lumbar subarachnoidal spinal fluid pressure by forced saline infusions. This procedure eliminated headache in the four patients who had an open communication between the lumbar and cranial subarachnoidal spaces, despite continued systemic hypertension, but not in the other two subjects in whom the spinal canal was blocked. Moreover, in two of the patients, the internal carotid arterial pulsations were repeatedly obliterated by bilateral manual compression during [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] second periods, and these maneuvers, in the majority of attempts, temporarily stopped or diminished the headaches.
Careful consideration of the above data, however, suggests that the hypothesis may not hold up. In most subjects, if the initial rate of intravenous infusions of angiotensin or noradrenalin is gradually increased over several minutes, attendant quite high arterial blood pressure can be maintained during prolonged periods without causing headache.7 52 Noradrenalin as well as angiotensin does not have a direct vasoconstricting effect on cerebral arterioles.5' Furthermore, the levels of spinal pressure which successfully ended headache during autonomic dysreflexia were not higher than 50 cm H20 and were at least as low as 30 cm H2O.17 Increasing cerebrospinal fluid pressure within this range, and even to 100 mm Hg, did not reduce blood flow in dogs, probably because the decrease in the cerebral arteryvenous pressure gradient was compensated for by the normal autoregulatory mechanism and consequent arteriolar vasodilatation.53 Thus, at present there is no single direct explanation for the mechanism of the headache which is associated with hyperreflexia. In this study, the arterial concentration of PGE2 rose by 68% (from 0.34 to 0.57 ng/ml plasma, The medical records and catheterization files of all 831 adult patients having quantitative angiographic measure-
